A new method to estimate remanent dose rates, to be used with the Monte Carlo code FLUKA, was benchmarked against measurements from an experiment that was performed at the CERN-EU high-energy reference field facility. An extensive collection of samples of different materials were placed downstream of and laterally to a copper target, intercepting a positively charged mixed hadron beam with a momentum of 120 GeV/c. Emphasis was put on the reduction of uncertainties such as careful monitoring of the irradiation parameters, the use of different instruments to measure dose rates, detailed elemental analyses of the irradiated materials and detailed simulations of the irradiation experiment. Measured and calculated dose rates are in good agreement.
INTRODUCTION
Previous attempts to estimate the remanent dose rates from activated LHC components were typically performed by using the so-called omega factors [1] by relating the dose rates measured on contact with the respective object to the density of inelastic interactions.
However, this approach has several significant limitations which strongly restrict its range of application. Therefore a method, to be used with the Monte Carlo (MC) code FLUKA [2, 3] , that is based on an explicit simulation of the production of radioactive isotopes as well as their decay for a certain cooling time [4] has been developed. Decay photons are sampled according to their emission intensities, electrons and positrons are sampled according to the decay energy spectra. These particles are then transported with FLUKA and dose equivalent can thus be calculated at any point-of-interest in the respective geometry.
In order to benchmark this approach, an irradiation experiment was performed at the CERN-EU high-energy Reference Field (CERF) facility [5] . It is a continuation of an earlier study [4, 6] , where the new study is based on analyzing a larger variety of materials and aiming at a further reduction of uncertainties in both the experiment and the simulation. The study combines activation and dose rate measurements, the former being discussed in a separate paper [7] .
BENCHMARK MEASUREMENTS

Irradiation Experiment
Samples of different materials, typically used for LHC machine and shielding components (concrete, marble, carbon composites, boron nitride, aluminium, titanium, iron, stainless steel and copper), were irradiated at the CERF-facility. At this facility a mixed hadron beam (about 1/3 protons and 2/3 pions, 120 GeV/c) strikes a 50-cm long copper target creating a stray radiation field around the target that is typical for loss points at high-energy accelerators.
Details of the samples used as well as the CERF facility and the experimental setup are given together with the results of the activation benchmark study in Refs. [7, 8] .
The samples were irradiated with exposure times ranging from a few hours to several days and total number of accumulated beam particles ranging from 1. In addition, the samples were directly placed in contact with the detectors. All measurements were carried out in a laboratory with a low background radiation dose rate of 55 nSv/h.
FLUKA SIMULATIONS
Remanent dose rates were calculated following the two-step approach as already introduced in Ref. [4] . For the first step ("calculation of isotopes"), the FLUKA implementation of the geometry of the CERF experimental area is identical to the one used for the activation benchmark (see [6, 7] ). Isotope information was written into files for a total of 12 cooling times ranging from 6 minutes to 1000 hours (~42 days) and for the exact profile of the respective irradiation considering each beam pulse and the actual number of particles.
In the second step of the simulation ("dose rate calculation") the FLUKA geometry consisted only of the respective sample surrounded by air which roughly represents the situation during the dose rate measurements in the laboratory. A dedicated simulation of the electromagnetic cascade caused by gamma and positron emitter was performed for each cooling time and the ambient dose equivalent was calculated up to the maximal measured distance from the sample surface by folding the particle fluence with appropriate fluence-to-ambient dose equivalent conversion factors [9] . The emission of electrons was neglected as it was found to give a negligible contribution to the total dose rate. Na becomes the only significant contributor to the remanent dose rates.
COMPARISON OF MEASURED AND SIMULATED DOSE RATES
Copper
As shown in Figure 2 the measured remanent dose rates from the copper sample are remarkably well reproduced. In contrast to the aluminium sample, here the data obtained with the two instruments agree well. In this case many different photon energies contribute to the dose rate at a given cooling time and differences in the response of the two devices seem to cancel out.
Iron
The results for the iron sample are illustrated in Figure 1 , here for the concrete sample.
